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Abstract 
6PDUW0DWHULDOV DUH GHVLJQHG PDWHULDOV WKDW KDYH RQH RU PRUH SURSHUWLHV WKDW FDQ EH VLJQLILFDQWO\ FKDQJHG LQ D FRQWUROOHG IDVKLRQ E\ DQ
H[WHUQDOO\DSSOLHGILHOGYDOXHVXFKDVVWUHVVWHPSHUDWXUHDQGHOHFWULFRUPDJQHWLFILHOGV7KLVEHKDYLRULVUHYHUVLEOHDQGFRQVHTXHQWO\HQDEOHV
WKHVHPDWHULDOVWRIXOILOODFWXDWLRQDQGVHQVLQJIXQFWLRQVLQRQHFRPSRQHQW&RPSDUHGWRFRQYHQWLRQDOV\VWHPVVXFKDFWXDWRUVDUHUDWKHUKLJK
LQWHJUDWHG 7KH\ FDQ EH DSSOLHG QRW MXVW WR EH D GLVFUHWH SDUW RI WKH V\VWHP WKH\ DUH WKH V\VWHP LWVHOI FRPELQLQJ VHQVLQJ DFWXDWLRQ DQG
PHFKDQLFDO IXQFWLRQV &HUWDLQ DFWXDWLQJ SURSHUWLHV RI 6PDUW0DWHULDOV DUH IDU EH\RQG WKH RQHV RI FRQYHQWLRQDO DFWXDWLQJ SULQFLSOHV 7KHVH
DGYDQWDJHVSRVVHVV WRXVH WKHP LQ VSHFLDODSSOLFDWLRQDUHDVVXFKDV OLJKWZHLJKWFRQVWUXFWLRQDFWLYHYLEUDWLRQFRQWURORU WKHGHYHORSPHQWRI
KLJKO\G\QDPLFV\VWHPVIRULQVWDQFH
7KHGHVLJQRI6PDUW0DWHULDOVLQKLJKO\LQWHJUDWHGFRPSRQHQWVLVWHFKQLFDOO\PRUHDGYDQFHGDQGUHTXLUHVLQWHUGLVFLSOLQDU\NQRZOHGJH,QWKLV
SDSHU ZH SUHVHQW WKUHH JURXSV RI 6PDUW 0DWHULDOV SLH]RFHUDPLFV VKDSH PHPRU\ DOOR\V DQG GLHOHFWULF HODVWRPHUV DQG WKHLU VSHFLILF
FKDUDFWHULVWLFV7KDW FRYHUV WKHLU SK\VLFDOZRUNLQJSULQFLSOH WKHLUPHFKDQLFDO EHKDYLRU WKH DFWXDWLRQ DQG VHQVLQJSURSHUWLHV(VSHFLDOO\ WKH
LQWHUGLVFLSOLQDU\GHVLJQDSSURDFKUHTXLUHGIRUGHYHORSLQJKLJKO\LQWHJUDWHGFRPSRQHQWVLVH[HPSODULO\FODULILHGRQ6KDSH0HPRU\$OOR\V7R
HQDEOHGHVLJQHUVWRXVH6PDUW0DWHULDOVZLWKRXWKDYLQJWKLVVSHFLDONQRZOHGJHVPDUWWRROVIRUVPDUWGHVLJQDUHSUHVHQWHG
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHHRIWKH&,53WK'HVLJQ&RQIHUHQFH,QQRYDWLYH3URGXFW&UHDWLRQ
.H\ZRUGVSmart Materials; Shape Memory Alloys; Piezoceramics; Dielectric Elastomeres; Design; Functional Integration
1. Introduction 
$FWXDWRUV FDQ EH FODVVLILHG LQ FRQYHQWLRQDO DQG
XQFRQYHQWLRQDO DFWXDWRUV &RQYHQWLRQDO DFWXDWRUV DUH
FRPPRQO\ XVHG DV HVVHQWLDO FRPSRQHQWV IRU PHFKDWURQLF
V\VWHPVVHH)LJXUHOHIW7KHVHDUHIRULQVWDQFHHOHFWULFDO
PRWRUV SQHXPDWLF DFWXDWRUV K\GUDXOLF SLVWRQV RU UHOD\V
8QFRQYHQWLRQDODFWXDWRUVDUHUDWKHUKLJKLQWHJUDWHG7KH\DUH
QRW MXVW DQ LQWHJUDO SDUW RI WKH V\VWHP WKH\ DUH D SDUW RI WKH
VWUXFWXUH DQG FRPELQH VHQVLQJ DFWXDWLRQ DQG PHFKDQLFDO
IXQFWLRQVVHH)LJXUHULJKW
7KH EDVLV RI XQFRQYHQWLRQDO DFWXDWRUV DUH VSHFLDO
WUDQVGXFHUPDWHULDOVFRPPRQO\GHVFULEHGDV6PDUW0DWHULDOV
3LH]RFHUDPLFVVKDSHPHPRU\DOOR\VDQGGLHOHFWULFHODVWRPHUV
DUH MXVW D IHZ H[DPSOHV RI WKHVH XQLTXH PDWHULDOV 7KH
DSSOLFDWLRQ RI 6PDUW 0DWHULDOV LQ KLJKO\ LQWHJUDWHG
PHFKDWURQLF FRPSRQHQWV VXFK DV SUHFLVLRQ SRVLWLRQLQJ
V\VWHPV LV WHFKQLFDOO\PRUH DGYDQFHG DQG DOUHDG\ HPSOR\HG
LQ LQGXVWULDO DSSOLFDWLRQV $VVXPHG VXFK FRPSRQHQWV XVH
LQWHJUDWHG VHQVRUV IRU DXWRQRPRXV LPSURYHPHQW RI KLJKHU
OHYHO PHFKDQLFDO RU PHFKDWURQLF VWUXFWXUHV WKHQ WKH\ DUH
GHILQHGDVDGDSWURQLFV\VWHPVLQWKHYRFDEXODU\RIPHFKDQLFDO
HQJLQHHULQJVHH)LJXUHULJKW


 
)LJXUH&KDUDFWHULVWLFVRIPHFKDWURQLFDQGDGDSWURQLFV\VWHPV
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 
)LJXUH3URSHUWLHVRIWUDQVGXFHUPDWHULDOV>@
2. Smart Materials 
&HUWDLQDFWXDWLQJSURSHUWLHVRI WUDQVGXFHUPDWHULDOVDUH IDU
EH\RQGWKHRQHVRIFRQYHQWLRQDODFWXDWLQJSULQFLSOHV)LJXUH
OHIW VKRZV WKH VWUHVVVWUDLQ EHKDYLRU RI FHUWDLQ 6PDUW
0DWHULDOV IROORZHG E\ )LJXUH  ULJKW ZKLFK GHPRQVWUDWHV
WKHLUSURSHUWLHVFRQVLGHULQJHQHUJ\GHQVLW\DQGIUHTXHQF\7KH
SUHVHQWHG DGYDQWDJHV SRVVHVV WR XVH WKHP LQ VSHFLDO
DSSOLFDWLRQ DUHDV VXFK DV OLJKWZHLJKW FRQVWUXFWLRQ DFWLYH
YLEUDWLRQ FRQWURO RU WKH GHYHORSPHQW RI KLJKO\ G\QDPLF
V\VWHPVIRULQVWDQFH
)ROORZLQJ WKH WUDQVGXFHU PDWHULDOV SLH]RFHUDPLFV VKDSH
PHPRU\ DOOR\V DQG GLHOHFWULF HODVWRPHUV DUH SUHVHQWHG DQG
WKHLUVSHFLDODFWXDWLQJSURSHUWLHVDUHGHVFULEHG
 3LH]RFHUDPLFV
7KH SLH]RHOHFWULF HIIHFW ZDV GLVFRYHUHG E\ 3LHUUH DQG
-DFTXHV&XULHLQ7KHGLUHFWSLH]RHOHFWULFHIIHFWFRQVLVWV
RI WKH DELOLW\ RI FHUWDLQ FU\VWDOOLQH PDWHULDOV FHUDPLFV WR
JHQHUDWH DQ HOHFWULFDO FKDUJH LQ SURSRUWLRQ WR DQ H[WHUQDOO\
DSSOLHG IRUFH 7KH GLUHFW HIIHFW LV XVHG LQ IRUFH WUDQVGXFHUV
$FFRUGLQJWRWKHLQYHUVHSLH]RHOHFWULFHIIHFWDQHOHFWULFILHOG
SDUDOOHO WR WKHGLUHFWLRQRISRODUL]DWLRQ LQGXFHVDQH[SDQVLRQ
RIWKHFHUDPLF>@
$V YHU\ KLJK HOHFWULF ILHOGV FRUUHVSRQG WR WKH WLQLHVW
FKDQJHVLQWKHZLGWKRIWKHFU\VWDOWKLVZLGWKFDQEHFKDQJHG
ZLWKEHWWHUWKDQPSUHFLVLRQPDNLQJSLH]RFU\VWDOVWKHPRVW
LPSRUWDQW WRRO IRUSRVLWLRQLQJREMHFWVZLWKH[WUHPHDFFXUDF\
WKXVWKHLUXVHLQDFWXDWRUV0XOWLOD\HUFHUDPLFVFRQVLVWLQJRI
OD\HUVWKLQQHUWKDQPDOORZUHDFKLQJKLJKHOHFWULFILHOGV
ZLWK YROWDJHV ORZHU WKDQ97KHVH FHUDPLFV DUH XVHG LQ
WZR NLQGV RI DFWXDWRUV GLUHFW SLH]R DFWXDWRUV DQG DPSOLILHG
SLH]RHOHFWULF DFWXDWRUV :KLOH D GLUHFW DFWXDWRU VWURNH LV
JHQHUDOO\ ORZHU WKDQ  P  VWUDLQ DPSOLILHG SLH]R
DFWXDWRUV FDQ UHDFK PLOOLPHWHU VWURNHV 7KH DFKLHYDEOH
EORFNLQJ VWUHVVHV RI SLH]RFHUDPLFV LQ WKH DFWXDWLRQ PRGH
LQGLUHFWHIIHFWDUHYHU\KLJK03D
)LJXUH'LUHFWOHIWDQGLQGLUHFWULJKWSLH]RHOHFWULFHIIHFW
$ SRWHQWLDO DSSOLFDWLRQ RI VXFK DFWXDWRUV LV IRU LQVWDQFH
GHVFULEHG LQ >@ +HUH WKH H[WUDRUGLQDU\ IRUFHV RI SLH]R
DFWXDWRUVDUHXVHGIRUWKHILQHDGMXVWPHQWRIDFXWWLQJWRRO
 'LHOHFWULF(ODVWRPHU$FWXDWRU'($
$QRWKHUHPHUJLQJJURXSRI6PDUW0DWHULDOVDUHGLHOHFWULF
HODVWRPHUV 7KH\ DUH EDVLFDOO\ VWDFNHG FRPSOLDQW FDSDFLWRUV
7KHLU GLHOHFWULF PHGLXP FRQVLVWV RI LQFRPSUHVVLEOH EXW
GHIRUPDEOHHODVWRPHULFPDWHULDO7KHDSSOLHGHOHFWURGHVKDYH
WREHGHVLJQHGWRZLWKVWDQGWKHGHIRUPDWLRQVRIWKHSRO\PHU
:KHQ DQ HOHFWULF ILHOG LV DSSOLHG WR WKH HOHFWURGHV WKHVH
FDSDFLWRUV UHDFW DV FRQYHQWLRQDO RQHV 3RVLWLYH DQG QHJDWLYH
FKDUJHVDSSHDURQHLWKHUFRUUHVSRQGLQJHOHFWURGHV+HQFHWKH
&RXORPEIRUFHVULVHEHWZHHQWKHRSSRVLWHFKDUJHVJHQHUDWLQJ
PHFKDQLFDO SUHVVXUH ZKLFK IRUFHV WKH HOHFWURGHV WR PRYH
FORVHU VTXHH]LQJ WKH HODVWRPHU &RQVHTXHQWO\ WKH HODVWRPHU
HORQJDWHV YHUWLFDOO\ WR WKH HOHFWULF ILHOG 8VXDOO\ DFKLHYDEOH
VWUDLQV RI '($V DUH IURP  ± PD[LPXP YDOXHV FDQ
UHDFKXSWR
 6KDSH0HPRU\$OOR\V60$
7KHUPDO VKDSH PHPRU\ DOOR\V DUH PDWHULDOV ZKLFK RIIHU
WKHVSHFLDODELOLW\WR³UHPHPEHU³WKHLURULJLQDOVKDSH$IWHUD
SHUPDQHQWSODVWLFGHIRUPDWLRQIROORZHGE\KHDWLQJXSDERYH
DFULWLFDOWHPSHUDWXUHWKHPDWHULDOWUDQVIRUPVEDFNWRLWVLQLWLDO
VWDWH $ UHYHUVLEOH DXVWHQLWHPDUWHQVLWH SKDVH WUDQVIRUPDWLRQ
LV UHTXLUHG IRU WKH VKDSHPHPRU\ HIIHFW $QDORJRXV WR VWHHO
WKHKLJKWHPSHUDWXUHSKDVHRIWKHPDWHULDOLVDOVRGHVFULEHGDV
DXVWHQLWHDQGORZWHPSHUDWXUHSKDVHDVPDUWHQVLWH,QDQLGHDO
VLWXDWLRQ WKH DXVWHQLWHSKDVH LV FRQYHUWHG LQWR WKHPDUWHQVLWH
SKDVHDVDUHVXOWRIVKHDU'XHWRGLIIXVLRQIUHHUHDUUDQJHPHQW
SURFHVVHV WKLV JHQHUDWHV D FKDQJH LQ WKH VWUXFWXUH RI WKH
FU\VWDOODWWLFH&RQVHTXHQWO\WZRGLIIHUHQWVWUHVVVWUDLQFXUYHV
H[LVW DV VKRZQ LQ )LJXUH  ULJKW ,Q WKH ORZWHPSHUDWXUH
SKDVHDVPDOO+RRNUHJLRQLVIROORZHGE\DVRFDOOHGSODWHDX
VWUHVV 7KHUH WKH DFWXDWRU HJ ZLUH FDQ EH HDVLO\ GHIOHFWHG
DOPRVW ZLWKRXW LQFUHDVLQJ WKH DSSOLHG H[WHUQDO VWUHVV $IWHU
VHWWLQJ WKH VWUHVV WR ]HUR D SODVWLF GHIOHFWLRQ UHPDLQV WR WKH
DFWXDWRU +HDWLQJ WKH PDWHULDO FDXVHV WKH GHVFULEHG SKDVH
WUDQVIRUPDWLRQ DQG UHVXOWV LQ D FRPSOHWHO\ GLIIHUHQW VWUHVV
VWUDLQEHKDYLRU 7KH +RRN UHJLRQ LV VLJQLILFDQWO\ ZLGHU WKH
<RXQJ¶VPRGXOXV LV WZR WR WKUHH WLPHV KLJKHU 'XULQJ WKH
SKDVH WUDQVIRUPDWLRQ IURP PDUWHQVLWH WR DXVWHQLWH KHDWLQJ
WKHZLUH LVDEOH WRSHUIRUPPHFKDQLFDOZRUN7KHDPRXQWRI
ZRUNGHSHQGVRQ WKHPHFKDQLFDO ERXQGDU\ FRQGLWLRQVRI WKH
DFWXDWRU,QFDVHRIDIUHHDFWXDWRUWKHDPRXQWRIZRUNZRXOG
EH ]HUR EXW WKH GHIOHFWLRQ ZRXOG EHPD[LPXP ,Q FRQWUDVW
EORFNLQJ WKH DFWXDWRU FDXVHV D YHU\ KLJK IRUFH EXW QR
GHIOHFWLRQ 7KH ZRUN RXWSXW LV DOVR ]HUR 2QH RI WKH
DGYDQWDJHVWRXVLQJVKDSHPHPRU\DOOR\VLVWKHKLJKOHYHORI
SVHXGRSODVWLF VWUDLQ WKDW FDQ EH LQGXFHG 7KH PD[LPXP
UHFRYHUDEOHVWUDLQWKHVHPDWHULDOVFDQKROGZLWKRXWSHUPDQHQW
GDPDJH LV XS WR   IRU VRPH DOOR\V FRPSDUHG ZLWK D
PD[LPXP VWUDLQ  IRU FRQYHQWLRQDO VWHHOV 7KH \LHOG
VWUHVVIRU1L7LFDQUHDFKXSWR03D
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3. Exemplarily Design Approach for SMA Actuators 
 $FWXDWLQJ3ULQFLSOHV
)ROORZLQJ D GHVLJQ DSSURDFK IRU 60$ ZLUH DFWXDWRUV LV
SUHVHQWHGGHVFULELQJ WKUHHEDVLFDFWXDWLQJSULQFLSOHVRI WKHVH
DUUDQJHPHQWV$OWKRXJK60$DUHFRPPHUFLDOO\DYDLODEOHDOVR
DV URGV SLSHV DQG VKHHWVZLUHV DUH WKHPRVW GHSOR\HGEDVLF
VKDSHGXHWRLWVXVDEOHHIIHFWVL]HDQGLWVDGYDQWDJHVUHJDUGLQJ
WKHUPDOG\QDPLFVDQGVWUXFWXUDOLQWHJUDWLRQDELOLWLHV
3UHVWUHWFKHG 60$ ZLUHV FRQWUDFW E\ KHDWLQJ XS DERYH D
FHUWDLQ WHPSHUDWXUH+RZHYHUZLWKRXW DQ DSSOLHG ORDG WKHVH
ZLUHV GR QRW GHIRUP WR WKHLU RULJLQ SRVLWLRQ XSRQ FRROLQJ
6\VWHPVXVLQJRQHZD\60$ZLUHVWKHUHIRUHKDYHWREHXVHG
LQFRPELQDWLRQZLWKDIRUFHFUHDWLQJSXOOEDFNFRPSRQHQWDV
IRULQVWDQFHDFRQVWDQWORDGPDVVDVSULQJRUDQDQWDJRQLVWLF
DUUDQJHPHQWRIWZR60$ZLUHV


)LJXUH%DVLFDFWXDWLQJSULQFLSOHVZLWK60$ZLUHV>@
7KH ILUVW DSSURDFK WR UHDOL]H D SXOOEDFN IRUFH LV DSSO\LQJ D
FRQVWDQW ORDG PDVV RQ LW )LJXUH  D VKRZV WKHPHFKDQLFDO
SULQFLSOH7KHFROGDFWXDWRU LQPDUWHQVLWHVWDWH LV VWUDLQHGE\
WKHORDGXQWLOLWUHDFKHVDFHUWDLQVWUHVVOHYHOVHH)LJXUHD
VROLG OLQH +HDWLQJ WKH ZLUH FDXVHV WKH GHVFULEHG SKDVH
WUDQVIRUPDWLRQDQGUHVXOWVLQDFRQWUDFWLRQRIWKHZLUHE\¨/
XQWLO LW UHDFKHV WKH DXVWHQLWH VWUHVVVWUDLQFXUYH &RROLQJ WKH
ZLUH UHVXOWV LQ D UHYHUVH SKDVH WUDQVIRUPDWLRQ DQG WKH ORDG
SXOOV WKHZLUHEDFNDV IDUDV WKHFRPSOHWHPDUWHQVLWH VWDWH LV
UHDFKHG7KH DPRXQWRIZRUN WKDW LV SHUIRUPHG WRPRYH WKH
DFWXDWRU GHSHQGV DPRQJ RWKHUV RQ WKH VWURNH ¨/ DQG WKH
DSSOLHGPDVVP
8VLQJ D VSULQJ ZLWK D GHILQHG VWLIIQHVV DV SXOOEDFN
HOHPHQWLQVWHDGVHH)LJXUHEFDXVHVDGHIOHFWLRQDVZHOODV
DUHDFWLRQIRUFHDQGWKHUHIRUHDXVDEOHZRUNORDG7KHDPRXQW
RI WKDW ZRUNORDG GHSHQGV RQ WKH VWUHVVVWUDLQFXUYHV RI WKH
PDWHULDODQGWKHGHVLJQRIWKHVSULQJ)LJXUHEULJKWVKRZV
WKDW WKH DPRXQW RI XVDEOH ZRUN GHFUHDVHV FRPSDUHG WR WKH
FRQVWDQWO\ ORDGHG ZLUH )XUWKHUPRUH WKH XVDEOH IRUFH RI WKH
DFWXDWRUGHFUHDVHVZLWKDQLQFUHDVLQJGHIOHFWLRQRIWKHVSULQJ
7KLV EHKDYLRU LV GLVDGYDQWDJHRXV IRU WKH DSSOLFDWLRQ DV
SRVLWLRQLQJGULYHDVIRULQVWDQFHIRUPDFKLQHVEHFDXVHWKHUHLW
LV QHFHVVDU\ WR RIIHU D FRQVWDQW DPRXQW RI XVDEOH IRUFH RYHU
WKHZKROHUDQJHRIWKHDFWXDWRU
&RPSDUHG WR WKH RWKHU DFWXDWRU SULQFLSOHV WKH DQWDJRQLVWLF
DUUDQJHPHQW KDV WKH DGYDQWDJH WKDW RQO\ WKH QHFHVVDU\
SUHWHQVLRQ LV DSSOLHG WR WKH 60$ ZLUH )LJXUH  F ULJKW
VKRZV WKDW WKH SUHWHQVLRQ RQ WKH ZLUH LV VLJQLILFDQWO\ ORZHU
GDVKGRWOLQHRI WKH ORDGZLUH7KH DPRXQWRIZRUN WKDW LV
SHUIRUPHG WR PRYH WKH DFWXDWRU LV GLUHFWO\ GHILQHG E\ WKH
VKDSH RI WKH VWUHVVVWUDLQFXUYHV RI WKH ZLUHV DQG WKH
FRQGXFWHGVWURNH¨/$VVHHQLQ)LJXUHFULJKWWKHXVDEOH
ZRUN RI WKH DQWDJRQLVWLF DFWXDWRU LV KLJKHU FRPSDUHG WR WKH
RWKHUDFWXDWRUSULQFLSOHVEHFDXVHRQO\DPLQLPXPRIHQHUJ\LV
QHHGHGIRUPRYLQJWKHDFWXDWRU
 $FWXDWRU&RQWURO0RGH
,PSOHPHQWLQJ WKH WKUHH EDVLF DFWXDWLQJ SULQFLSOHV DQG
FRPELQLQJ LW ZLWK GLIIHUHQW GHVLJQ FRQFHSWV UHVXOWV LQ D
SOXUDOLW\ RI LQQRYDWLYH GHYLFHV )ROORZLQJ VZLWFKLQJ
FRQWUROOHGDQGVHOIVXIILFLHQWDFWXDWRUVDUHH[HPSOLILHG
6ZLWFKLQJDFWXDWRUVXVHWKHVKDSHPHPRU\HIIHFWGLUHFWO\DQG
WKHUHIRUHWKH\ZRUNZLWKWKHEDVLFVRIGHVLJQDQGFRQVWUXFWLRQ
RI VPDUW DFWXDWRUV 7\SLFDOO\ WKH\ DUH GHYHORSHG DV ZLUH
DJDLQVWVSULQJDUUDQJHPHQWDVSUHYLRXVO\GHVFULEHG$OWKRXJK
WKH\ KDYH D ORZ IXQFWLRQDO LQWHJUDWLRQ DQG WKH GHVLJQ
DSSURDFK LV HDV\ FRPSDUHG WR FRQWUROOHG DQG VHOIVXIILFLHQW
60$ DFWXDWRUV WKH EHQHILW RI LWV DSSOLFDWLRQ LV KXJH 7KH
PDLQLPSURYHPHQWVDUHUHGXFWLRQRIZHLJKWDQGFURVVVHFWLRQ
OHVV FRPSOH[LW\ DQG HVSHFLDOO\ WKHLU QRLVHOHVV RSHUDWLRQ
6ZLWFKLQJ DFWXDWRUV DUH W\SLFDOO\ XVHG IRU ORFNLQJ DQG
XQORFNLQJ PHFKDQLVPV IRU H[DPSOH LQ SHWURO FDSV RI FDUV
XQORFNLQJR[\JHQPDVNVLQDLUFUDIWVRULQGLIIHUHQWYDOYHV
&ORVHG ORRS FRQWUROOHG DFWXDWRUV DUH PRUH FRPSOH[ V\VWHPV
WKDQVZLWFKLQJDFWXDWRUV,QDGGLWLRQWRWKHUPDODFWLYDWLRQDQG
H[WHUQDOUHVHWWLQJWKH\FDQDOVRXVHWKHHOHFWULFDOUHVLVWDQFHRI
WKH 60$ IRU VHQVLQJ 7KH UHVLVWDQFH VKRZV D OLQHDU
GHSHQGHQF\WRWKHGHIRUPDWLRQRIWKHPDWHULDO&RQVHTXHQWO\
LW LV SRVVLEOH WR FRQWURO WKH DFWXDWRU FRQWLQXRXVO\ ZLWKRXW
XVLQJH[WUDVHQVRUV
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
)LJXUHZD\YDOYHZLWKVPDZLUHV>@
7KLV HQDEOHV WKH FRQVWUXFWLRQ RI DGMXVWLQJGULYHV IRUPRYLQJ
IRUH[DPSOHWKHILQJHUVRIWKHKDQGSURVWKHVLVRUWKH2,6RID
PRELOHSKRQH
7KHFODVVRIVHOIVXIILFLHQWDFWXDWRUVHQDEOHDKLJKIXQFWLRQDO
LQWHJUDWLRQ :KLOH VZLWFKLQJ DQG WKH FRQWUROOHG GHYLFHV
RSHUDWHZLWKDQH[WHUQDODFWLYDWLRQRIWKH60$VHOIVXIILFLHQW
GHYLFHVLQWHUDFWZLWKWKHHQYLURQPHQW$FFRUGLQJO\WKHGHVLJQ
RI WKHVH DFWXDWRUV LV UDWKHU FRPSOH[ DQG UHTXLUHV
LQWHUGLVFLSOLQDU\ NQRZOHGJH RI PDWHULDOV VFLHQFH
WKHUPRG\QDPLFV DQG PHFKDQLFDO DQG FRQWURO HQJLQHHULQJ
7KLV JURXS RI DFWXDWRUV HQDEOHV VHOIDGMXVWPHQWV GXULQJ
RSHUDWLRQ OLNH WKHSUHORDG ORVV FRPSHQVDWLRQ LQ D EDOO VFUHZ
GULYHRUDVHOIDGMXVWLQJWHUPLQDOFRQQHFWRU)XUWKHUPRUHVHOI
VXIILFLHQWDFWXDWRUV IDFLOLWDWHQHZPRUSKLQJFRQFHSWVVXFKDV
WKHYDULDEOH-HW1R]]OHRIDLUFUDIWV
4. Potential Applications 
 6ZLWFKLQJ$FWXDWRUV
6ZLWFKLQJDFWXDWRUVEDVHGRQ60$DUHVWLOODSSOLHGLQYDOYHV
DW WKH PDUNHW VXFK DV WKH ZD\ YDOYH IURP $OIPHLHU
3Ul]LVLRQ $* VHH Fehler! Verweisquelle konnte nicht 
gefunden werden. ,W LV FRPPHUFLDO XVHG LQ SQHXPDWLF
GHYLFHVRIWKHOXPEDUVXSSRUWWRRSWLPL]HWKHVHDWFRPIRUWLQ
FDUV7KLVSURGXFWZDVEURXJKWRQWRPDUNHWLQZLWK
 SLHFHV 6LQFH WKHQ WKH DQQXDO VDOH LQFUHDVHG WR VHYHUDO
PLOOLRQV
$QRWKHU H[DPSOH IRU 60$ DSSOLFDWLRQV LQ WKH ILHOG RI
DXWRPRWLYH WKDW FRXOG EH D VXFFHVVIXO UHSHWLWLRQ SDUW ZLWK
PLOOLRQV RI VDOHV LV WKH XQORFNLQJ RI WKH SHWURO FDS ,Q
FRQYHQWLRQDOSHWUROFDSVWKHUHOHDVHPHFKDQLVPLVUHDOL]HGE\
DQHOHFWURPHFKDQLFDOPRWRUZLWKDZHLJKWRIJ:LWKDQ
HOHPHQWTXDQWLW\RILWLVDFRPSDUDWLYHO\FRPSOH[V\VWHP
+HQFH WKH SUREDELOLW\ RI IDLOXUH LV DFFRUGLQJO\ KLJK DQG LW
FDSWXUHVSOHQW\VSDFH7KHQHZFRQFHSW LQVWHDGXVHVDVKDSH
PHPRU\ ZLUH WKDW ZRUNV DJDLQVW D VSULQJ 7KH UHOHDVLQJ
GHYLFHDFKLHYHVPPVWURNHDQGDSSOLHVDIRUFHRIDERXW
1 ,W UHDOL]HV WKH VDPH IXQFWLRQ OLNH WKH FRQYHQWLRQDOO\XVHG
HOHFWURPRWRU ZKLOH WDNLQJ XS OHVV VSDFH VHH )LJXUH  OHIW
XVLQJRQO\HOHPHQWV 60$ZLUH VSULQJFULPS0RUHRYHU
WKLV VPDUW FRQVWUXFWLRQ ZLWK RQO\ J HQDEOHV D VLJQLILFDQW
ZHLJKWUHGXFWLRQRIDQGZRUNVFRPSOHWHO\QRLVHOHVV
1RWRQO\WKHILHOGRIDXWRPRWLYHLQFOXGHVDKLJKSRWHQWLDOIRU
ZHLJKW UHGXFWLRQ EXW DOVR LQ DHURVSDFH OLJKWZHLJKW LV DQ
LPSRUWDQW SRLQW DQG VHYHUDO DSSOLFDWLRQV DUH SUHGHVWLQHG IRU
WKHXVHRIVKDSHPHPRU\DFWXDWRUV7KHXQORFNLQJRIR[\JHQ
PDVNV LQ FDVH RI SUHVVXUH GURS IRU H[DPSOH LV FXUUHQWO\ D
VROHQRLG GHYLFH ZLWK D PDVV RI J DQG D FURVVVHFWLRQ RI
DERXW FPñ VHH )LJXUH  OHIW 7KHUH DUH  HOHPHQWV
UHTXLUHG WR UHOHDVH WKH IODS 8VLQJ 60$ WKH QXPEHU RI
HOHPHQWV LV UHGXFHG WR $V VHHQ LQ )LJXUH  PLGGOH WKH
QHZ FRQFHSW UHTXLUHV OHVV VSDFH J FURVV VHFWLRQ 
DQGDZHLJKWUHGXFWLRQRIFRXOGEHDFKLHYHG

 
)LJXUH3HWURO&DSDWWDFKHGULJKWDQGLQFRPSDULVRQWRFRQYHQWLRQDO
HOHFWULFPRWRUOHIWRQWRS>@
  
)LJXUH5HOHDVLQJGHYLFHIRUR[\JHQPDVNVVWDWHRIWKHDUWVROHQRLG±
GHYLFHZLWK60$±YLVLRQLQWHJUDWHG60$DFWXDWRU
7KHPHFKDQLVP LQ WKHPLGGOH RI )LJXUH  VKRZV D SRVVLEOH
UHWURILW VROXWLRQ ZLWK 60$ EXW WKH YLVLRQ LV D VWUXFWXUDO
LQWHJUDWHG DSSOLFDWLRQ RI WKH IXQFWLRQ DV LW LV VKRZQ RQ WKH
ULJKW)LJXUH
 &RQWUROOHG$FWXDWRUV
7KH )UDXQKRIHU ,QVWLWXWH RI 0DFKLQH 7RROV DQG )RUPLQJ
7HFKQRORJ\GHYHORSHGDKDQGSURVWKHVLVZLWKFRQWUROOHG60$
ZLUHV DV DGMXVWLQJ GULYHV IRU WKH ILQJHUV 7KLV VHQVRUOHVV
SRVLWLRQFRQWUROOHGSULQFLSOHUHDOL]HGWKHSLQFKDQGF\OLQGULFDO
JULSDVLWLVGHSLFWHGLQ)LJXUHZLWKDIRUFHRI1>@
:KLOHWKHGHYHORSPHQWRIWKHKDQGSURVWKHVLVLVDWHFKQRORJ\
GHPRQVWUDWLQJ SURWRW\SH WKHUH LV D QHZ SURGXFW ZLWK
FRQWUROOHG 60$V LQ SURJUHVV WR HQWHULQJ &DPEULGJH
0HFKDWURQLFV /WG GHYHORSHG DQ2SWLFDO ,PDJH 6WDELOL]DWLRQ
V\VWHPEDVHGRQ6KDSH0HPRU\$OOR\V,WLVDQHZFRQFHSWRI
DQWLYLEUDWLRQGHYLFHIRUORZIUHTXHQFLHVWKDWFRPSHQVDWHVWKH
PRYHPHQW RI WKH KDQG LQ RUGHU WR VWDELOL]H WKH OHQV IRU
LPSURYHG SLFWXUH TXDOLW\ 7KHUHIRUH WZR 60$ ZLUHV DUH
DSSOLHG WR WLOW WKH FDPHUD XQLW LQ WZR GHJUHHV RI IUHHGRP DV
VKRZQ LQ )LJXUH  7KH PDUNHW ODXQFK IRU WKLV LQQRYDWLYH
60$SURGXFWLVSODQQHGWREHLQHDUO\

 
)LJXUH*UDEPHFKDQLVPVOHIWSLQFKJULSULJKWF\OLQGULFDOJULSRIWKH
KDQGSURVWKHVLVZLWK60$V
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
)LJXUH2,6ZLWKVKDSHPHPRU\ZLUHV>@
 6HOIVXIILFLHQW$FWXDWRUV
7KHUPDO HUURUV LQ PDFKLQH WRROV DUH FXUUHQWO\ DQ LVVXH WR
RYHUFRPH)RUH[DPSOHWKHSRVLWLRQLQJSHUIRUPDQFHRIDEDOO
VFUHZ GULYH %6' ZKLFK LV E\ IDU WKH PRVW XVHG OLQHDU
WUDQVPLVVLRQ FRPSRQHQW LQ LQGXVWULHV LV OLPLWHG DPRQJ
RWKHUV WR FKDQJHV LQ WKHUPDO FRQGLWLRQV $Q DSSURDFK WR
FRPSHQVDWH WKHSUHORDG YDULDWLRQ LQ%6'VZKLFK HQDEOHV WR
DGMXVW ORVVHVRI SRVLWLRQLQJ DFFXUDF\ LV XVLQJ D QRYHO VKDSH
PHPRU\DOOR\DFWXDWRUDVGHSLFWHGLQ)LJXUH7KHSULQFLSOH
EDVHG RQ D VHOIVXIILFLHQW DFWXDWRU LV DEOH WR VHW WKH D[LDO
SUHORDG GXULQJ WKH RSHUDWLRQ ZLWKRXW VWRSSLQJ WKH FXUUHQW
SURFHVV7KHUHE\ WKH DGMXVWPHQW LV HIIHFWHGE\ 60$SXFNV
ZKLFKHLWKHUH[SDQGRUFRQWUDFWDFFRUGLQJWRWKHVXUURXQGLQJ
WHPSHUDWXUHILHOGLQGXFHGE\WKHSURFHVV+HQFHWKHV\VWHPLV
VHOIVXSSRUWHG$IOH[XUHLVXVHGIRUWKHVWURNHUHYHUVDO7KLV
GHYLFH ZDV GHYHORSHG WR EH LPSOHPHQWHG LQ VWDQGDUG GULYHV
ZLWKRQO\PLQRUFKDQJHV LQFRPSRQHQWGHVLJQ ,W LV LQVWDOOHG
EHWZHHQ IODQJHG QXW DQG FRXQWHU QXW DQG UHSODFHV D VSDFHU
XVXDOO\QHHGHGWRVHWDGHILQHGSUHORDG


)LJXUH7KHUPDOVFKHPHDQGLPSOHPHQWDWLRQRIWKH60$%6'

)LJXUH)XQFWLRQDOLW\RIWKHVHOIDGMXVWLQJWHUPLQDOFRQQHFWRU>@
,W LV UHTXLUHG WRVFDOH WKHDFWXDWRUPRGXOHRYHUDZLGHUDQJH
RI VFUHZ GLDPHWHUV UHVSHFWLYHO\ QXW GLDPHWHUV $ SURWRW\SH
ZDV GHVLJQHG DQG WHVWHG DW WKH )UDXQKRIHU ,:8
PHDVXUHPHQWVIXUWKHUVKRZWKHSURRIRIWKHFRQFHSW>@
,Q HOHFWULFDO HQJLQHHULQJ WHUPLQDO FRQQHFWRUV DUH
FRPPRQO\ XVHG IRU FRQQHFWLQJ DQG UHOHDVLQJ HOHFWULFDO
FRQGXFWRUV:LWKLQWKHFODPSRUFRQWDFWDUHDWKHFRQGXFWRULV
DWWDFKHGE\ DPHFKDQLFDOPHFKDQLVP WR HQVXUH D FRQQHFWLRQ
ZLWKDFRQVLVWHQWTXDOLW\DQGVDIHW\GXULQJWKHZKROHSHULRGRI
DSSOLFDWLRQ7HUPLQDOFRQQHFWRUVDUHXVHGWRWUDQVIHUSRZHULQ
WKH ORZ DQG PLG YROWDJH UDQJH 'XH WR DQ LQDSSURSULDWH
LQVWDOODWLRQYLEUDWLRQVWHPSHUDWXUHFKDQJHVDQGFUHHSDJHWKH
FRQGXFWRU FDQ EHFRPH ORRVHZKLFKPD\ OHDG WR GDPDJHV RU
ILUHV $ VHOIDGMXVWLQJ WHUPLQDO FRQQHFWRU EDVHG RQ VKDSH
PHPRU\ DOOR\V LV GHYHORSHG WR HQKDQFH D FRPPRQ VFUHZ
WHUPLQDO E\ WKH LQWHJUDWLRQ RI D 60$ F\OLQGHU )LJXUH 
VKRZV D VFKHPDWLF YDULDQW LQ D FRPPRQ EXV EDU VFUHZ
WHUPLQDO7KH VFUHZ ORFDWHGZLWKLQ WKH WHUPLQDO FRQQHFWRU LV
HQKDQFHGZLWKD60$F\OLQGHULQVHUWHGLQDGULOOKROHORFDWHG
DWWKHERWWRPRIWKHVFUHZ8QGHUQRUPDOZRUNLQJFRQGLWLRQV
WKH VHOIDGMXVWLQJ 60$ WHUPLQDO FRQQHFWRU SHUIRUPV OLNH D
UHJXODU VFUHZ WHUPLQDO FRQQHFWRU 7KH RSHUDWLQJ SULQFLSOH
HTXDOVZRUNLQJ DJDLQVW D VSULQJZLWK WKH FRQGXFWRU VWLIIQHVV
UHSUHVHQWLQJWKHVSULQJ
,Q DHURVSDFH HQJLQHHULQJ PRUSKLQJ WHFKQRORJLHV DUH DEOH
WR LQFUHDVH D V\VWHPV SHUIRUPDQFH E\ PDQLSXODWLQJ
FKDUDFWHULVWLFV WR EHWWHU PDWFK WKH V\VWHP VWDWH WR WKH
RSHUDWLQJ FRQGLWLRQV &XUUHQW PRUSKLQJ KDV FHUWDLQ
GLVDGYDQWDJHV (YHQ VPDOO VWUXFWXUDO FKDQJHV DUH YHU\
GLIILFXOW7KH\UHTXLUHKHDY\PRWRUVK\GUDXOLFVDQGVWUXFWXUDO
UHLQIRUFHPHQWV

)LJXUH9DULDEOH-HW1R]]OHZLWK60$>@
SMA solid 
body
Recovery 
spring
Mechanical 
feedback
Heat 
flux
Heat 
sources
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+HQFH FXUUHQW V\VWHPV DUH YHU\ FRPSOH[ DQG H[SHQVLYH
6PDUW 0DWHULDOV OHDG WR QHZ PRUSKLQJ FRQFHSWV VLQFH WKH\
RIIHU D QXPEHU RI DGYDQWDJHV 7KH\ HQDEOH WR GHVLJQ IXOO\
LQWHJUDWHG GLVWULEXWHG DQG VLPSOH DFWXDWLRQ V\VWHPV ZLWKRXW
DGGLQJDQ\ZHLJKW(VSHFLDOO\60$VDUHDYHU\OLJKWUREXVW
VLPSOH DQG HDV\ WR LQWHJUDWH WHFKQRORJ\ IRU UHDOL]LQJ
PRUSKLQJVWUXFWXUHV
,Q WKHEHJLQQLQJRI%RHLQJSUHVHQWHG D V\VWHPRI D
UHFRQILJXUDEOH HQJLQH QR]]OH IDQ FKHYURQ EDVHG RQ VKDSH
PHPRU\ DOOR\V VHH )LJXUH  7KH DSSURDFK ZDV WR
LPSOHPHQWEHQGLQJ60$VWULSVLQWKHRXWOHWFKHYURQVRIDMHW
HQJLQH LQ RUGHU WR VHW WKH RSWLPXP VKDSH IRU WDNH RI ORZ
QRLVHDQGFUXLVHSRVLWLRQIXHOHIILFLHQF\7KHV\VWHPLVDEOH
WR XVH WKH HQJLQHV WHPSHUDWXUH IRU DFWXDWLRQ DQG FDQ
FRQVHTXHQWO\SHUIRUP IXOO\ DXWRQRPRXVRSHUDWLRQGHSHQGLQJ
RQ WKH IOLJKWFRQGLWLRQ7KHFRQVWUXFWLRQZDV IXUWKHUXVHG LQ
IOLJKWWHVWVIRUWKHGHYHORSPHQWRIWKHVWDWLFIDQFKHYURQV
E\XVLQJH[WHUQDODFWLYDWLRQ

5. Summary and outlook 
7KHSUHYLRXVO\GHVFULEHG60$DSSOLFDWLRQVFOHDUO\VKRZWKDW
WKH JHQHUDO GHVLJQ UXOHV DUH EDVLFDOO\ LQYHVWLJDWHG DQG ZHOO
HVWDEOLVKHG +RZHYHU WKH\ DOVR VKRZ WKDW GHVLJQLQJ 6PDUW
0DWHULDO EDVHG FRPSRQHQWV UHTXLUHV FRPSOH[ WHFKQLFDO
NQRZOHGJH EH\RQG WKH ERUGHUV RI WKH GLIIHUHQW HQJLQHHULQJ
GLVFLSOLQHV7KHSHWUROFDSXQORFNLQJDFWXDWRU IRUH[DPSOH LV
FRPSDUDWLYHO\HDV\WRGHVLJQDQGRQO\UHTXLUHVNQRZOHGJHLQ
PDWHULDOVVFLHQFHDQGPHFKDQLFDOHQJLQHHULQJ0RUHFRPSOH[
FRQWUROOHG V\VWHPV OLNH WKH KDQG SURVWKHVLV UDWKHU QRW MXVW
UHTXLUH NQRZOHGJH LQ PDWHULDOV VFLHQFH DQG HOHFWULFDO
HQJLQHHULQJ FRQWURO HQJLQHHULQJ LV DOVR DQ HVVHQWLDO SDUW RI
WKHLU GHVLJQ 7KH PRVW FRPSOH[ VHOIVXIILFLHQW V\VWHPV DUH
HYHQPRUHGLIILFXOWWRGHYHORS0DWHULDOVVFLHQFHPHFKDQLFDO
HOHFWULFDO FRQWURO HQJLQHHULQJ DQG NQRZOHGJH DERXW
WKHUPRG\QDPLFVDUHLQGLVSHQVDEOHSDUWVLQWKHGHVLJQSURFHVV
)LJXUH  VKRZV WKLV FRUUHODWLRQ RI FRPSOH[LW\ FRQVLGHULQJ
GHVLJQDQGIXQFWLRQDOGHSWKRIDFWXDWRUV\VWHPV,WLVREYLRXV
WKDW WKH DSSDUHQWO\ HDVLO\ EXLOW XS V\VWHPV ZLWK WKH KLJKHVW
IXQFWLRQDOLQWHJUDWLRQDQGFRQVHTXHQWO\WKHELJJHVWEHQHILWIRU
WKHHQGXVHUDUHXQIRUWXQDWHO\DOVRWKHPRVWFRPSOH[V\VWHPV
WRGHVLJQ
%H\RQG WKDW WKH GHVFULEHG V\VWHPV DUH SXUHO\ WHFKQLFDO
FRPSRQHQWV GHYHORSHG E\ WHFKQLFDO GHVLJQHUV &RQVXPHU
SURGXFWV ZKHUH GHVLJQ IRUP RU XVDELOLW\ DUH WKH DFWXDO
EHQHILWV DUH LQVWHDG GHYHORSHG E\ SURGXFW GHVLJQHUV
&RPSDUHG WR WKH V\VWHPDWLF ZRUNLQJ PHWKRGV RI HQJLQHHUV
SURGXFW GHVLJQHUV UDWKHU ZRUN PRUH H\HPLQGHG DQG
LQWXLWLYHO\ 7KH\ XVXDOO\ GR QRW KDYH WKH FRPSOH[ WHFKQLFDO
EDFNJURXQG RI 6PDUW 0DWHULDOV DQG KHQFH GR QRW XVH WKHVH
GXULQJWKHLUGHVLJQSURFHVV7RRYHUFRPHWKLVSUREOHP³VPDUW
WRROV IRU VPDUW GHVLJQ´ ZLOO EH GHYHORSHG VRRQ WR HQDEOH
SURGXFWGHVLJQHUWRXVH6PDUW0DWHULDOVIRUGHVLJQZLWKRXWWKH
QHFHVVLW\ RI GLVFRYHULQJ WKH ZKROH FRPSOH[LW\ RI 6PDUW
0DWHULDOV

)LJXUH&RUUHODWLRQEHWZHHQFRPSOH[LW\WHFKQLFDONQRZOHGJHDQG
IXQFWLRQDOLQWHJUDWLRQ
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